Tumor hypoxia presents an obstacle to the effectiveness of most antitumor therapies, including treatment with oncolytic viruses. In particular, an oncolytic virus must be resistant to the inhibition of DNA, RNA, and protein synthesis that occurs during hypoxic stress. Here we show that vesicular stomatitis virus (VSV), an oncolytic RNA virus, is capable of replication under hypoxic conditions. In cells undergoing hypoxic stress, VSV infection produced larger amounts of mRNA than under normoxic conditions. However, translation of these mRNAs was reduced at earlier times postinfection in hypoxia-adapted cells than in normoxic cells. At later times postinfection, VSV overcame a hypoxia-associated increase in ␣ subunit of eukaryotic initiation factor 2 (eIF-2␣) phosphorylation and initial suppression of viral protein synthesis in hypoxic cells to produce large amounts of viral protein. VSV infection caused the dephosphorylation of the translation initiation factor eIF-4E and inhibited host translation similarly under both normoxic and hypoxic conditions. VSV produced progeny virus to similar levels in hypoxic and normoxic cells and showed the ability to expand from an initial infection of 1% of hypoxic cells to spread through an entire population. In all cases, virus infection induced classical cytopathic effects and apoptotic cell death. When VSV was used to treat tumors established in nude mice, we found VSV replication in hypoxic areas of these tumors. This occurred whether the virus was administered intratumorally or intravenously. These results show for the first time that VSV has an inherent capacity for infecting and killing hypoxic cancer cells. This ability could represent a critical advantage over existing therapies in treating established tumors.
Solid tumors are seldom homogeneous, but instead, they have different microenvironments that can profoundly influence therapeutic approaches. Perhaps the best-studied component of the tumor microenvironment is the presence of low oxygen tension, or hypoxia. Hypoxic areas within the tumor mass provide significant difficulties for standard anticancer therapy, as these areas present a physical barrier to chemotherapeutic agents and are more resistant to radiation therapy because of the lack of ionizable oxygen (10, 17, 23) . Hypoxic stress can also select for the survival of cancer cells that are deficient in p53 function (16) , leading to the expansion of cells that are more resistant to conventional cancer therapies. Furthermore, tumor hypoxia correlates with an overall poor patient prognosis (23) . These complications have led to a number of efforts to define new modalities that are capable of killing hypoxic cancer cells (17) .
Using viruses as oncolytic agents has recently emerged as a viable and useful antitumor strategy (7, 18) . Oncolytic viruses have the ability to directly kill cancer cells and the potential to stimulate the production of cytokines with anticancer activity. Further, the ability to genetically alter virus vectors provides the opportunity to tailor these viruses to specific aspects of tumor development or tumor biology. A variety of different viruses have been tested as oncolytic agents, including DNA viruses such as adenovirus (13) and herpes simplex virus (2) and RNA viruses such as Newcastle disease virus (35) , reovirus (20) , influenza virus (8) , and vesicular stomatitis virus (VSV) (6, 36) . One or more of these agents may have the potential for treating tumors with extensive hypoxic areas that are resistant to other therapies. The experiments presented here tested this hypothesis with VSV.
Previous studies have shown that VSV can infect and kill a diverse set of cancer cells (6, 36) . The advantages of this virus are that oncolytic strains do not appear to be pathogenic in humans, replicate entirely in the cytoplasm, and have no known transforming abilities. VSV was shown to infect and kill cancer cells while sparing nontransformed cells in tissue culture because of defects in antiviral responses in the tumor cells (6, 36, 37) . This oncolytic behavior has also been shown in vivo, where VSV injection affected the growth of tumors in both xenograft (5, 36) and syngeneic tumor models (14, 15, 24, 28, 37) following intratumoral or systemic administration.
While these studies have elegantly demonstrated that, in vitro, VSV's ability to kill cancer cells depends on these cells being defective in their antiviral response, they have not addressed whether this property is the sole determinant in the success of VSV in treating established tumors in vivo. VSV's tumoricidal properties may be attributable to several advantages as an antitumor agent, especially if it is able to overcome physiological barriers in established tumors, such as hypoxic microenvironments.
On the cellular level, hypoxia induces several adaptive stress responses, including an inhibition of DNA synthesis (31) , RNA synthesis, and a general inhibition of protein translation (22, 27) . At the same time, hypoxia selectively promotes the transcription and translation of hypoxia-adaptive genes such as vascular endothelial growth factor and hypoxia-inducible fac-tor 1 (HIF1) (10) . These cellular changes have been seen by many as an opportunity to directly target tumor therapy to take advantage of these intracellular changes, ranging from drugs that concentrate in hypoxic tissue (11) to toxic gene expression that is driven by promoters that are activated under hypoxia (9, 30) .
Our previous studies led us to hypothesize that VSV infection resulted in a cellular stress response and that VSV has adapted to translate protein during this stress response. Because VSV and hypoxia both result in an inhibition of host protein synthesis (12, 27) , we hypothesized that hypoxic cells and VSV-infected cells translate proteins under similar circumstances (3, 12) . We reasoned that VSV replication may be able to adapt to cells under hypoxic stress. In addition, because VSV is an RNA virus that produces its own RNA polymerase, it should not be sensitive to the hypoxia-induced inhibition of DNA and RNA synthesis in the way that DNA viruses are (33, 34) . Our results indicate that there was an early effect of hypoxia that inhibited the translation of viral proteins, but the virus appeared to adapt to the hypoxic environment and overcome this inhibition as the infection progressed. VSV caused cytopathic effects (CPE) in hypoxic cells in tissue culture and spread under hypoxic conditions both in culture and in a tumor xenograft model. These data demonstrate that VSV has an inherent ability to replicate in hypoxic cells inside a tumor environment, which may be an additional advantage of using this virus to treat established tumors.
MATERIALS AND METHODS
Chemicals, unless otherwise stated, were purchased from Fisher Scientific. Okadaic acid and microcystin were purchased from Alexis Pharmaceuticals. EF-5 and the anti-EF-5 antibody were supplied by the University of Pennsylvania (Sidney Evans). Rabbit anti-VSV glycoprotein G (anti-VSV-G) was purchased from Research Diagnostics, Inc. Phospho-and total ␣ subunit of eukaryotic initiation factor 2 (eIF-2␣) and eIF-4E antibodies were purchased from Signal Transduction Labs. Anti-HIF1␣ was purchased from Becton Dickenson, and anti-actin was purchased from Santa Cruz. Anti-poly(ADP-ribose) polymerase (anti-PARP) was from Roche Biochemicals. Fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody was purchased from Molecular Probes.
Virus infections. HeLa cells were cultured in Dulbecco's modified Eagle medium (DMEM; Gibco-BRL) containing 10% fetal bovine serum (FBS) and 2 mM glutamine. Cells were grown to 80 to 90% confluence and were infected with wild-type VSV (Indiana serotype, Orsay strain) in DMEM with 10% FBS at a multiplicity of infection (MOI) of 10 or 0.01 PFU/cell in a small volume (2.5 ml in a 60-mm-diameter dish, 500 l for a six-well dish). At 1 h postinfection (hpi), the culture volume was doubled by the addition of DMEM plus 10% FBS.
Establishment of hypoxia in vitro. Cells were subjected to hypoxia by incubation in a hypoxia chamber (Sheldon Labs) under conditions of 90% N 2 , 5% CO 2 , and 5% H 2. Cells were cultured in a minimal volume of media (2.5 ml for a 60-mm-diameter dish). Cell dishes were swirled to promote the exchange of gas from the media following introduction to the chamber. One set of cells (labeled "hypoxia") was immediately infected with VSV. A second set of cells (labeled "hypoxia adapted") was infected 2 h after the cells had adapted to the hypoxic conditions. Hypoxic conditions were maintained in the chamber through the use of an active palladium catalyst which converted O 2 and H 2 to water, effectively removing any trace O 2 contamination introduced by entry and exit from the hypoxia chamber.
Immunoblotting. Infected or mock-infected cells were lysed in a 60-mmdiameter dish by using 1 ml of EBC buffer containing 1 mM phenylmethylethyl fluoride, 1 mM benzamidine, 100 nM okadaic acid, and 100 nM microcystin (12) . Lysates were spun at 10,000 ϫ g for 8 min in a refrigerated centrifuge, and 360 l of the supernatant was added to 40 l of 10ϫ sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Equal volumes of lysates corresponding to approximately 30 g of total protein were electrophoresed on SDS-12% PAGE gels for M protein, eIF-2␣, eIF-4E, and actin blots and on 6% gels for HIF1␣ blots. Following electrophoresis, gels were electroblotted onto nitrocellulose and blocked in Tris-buffered saline (pH 7.5) plus 5% dry milk. Antibodies were diluted as recommended by the manufacturers. Band intensities were quantitated by first scanning the film and then analyzing the images with Quantity One software (Bio-Rad).
Metabolic labeling and determination of rate of protein synthesis. HeLa cells were mock infected or infected with VSV and then labeled with [ 35 S]methionine for 10 min at various times postinfection, as described previously (12) . Following labeling, cells were washed three times with phosphate-buffered saline and lysed in 400 l of radioimmunoprecipitation assay buffer for 10 min at 4°C. Lysates were spun at 10,000 ϫ g for 8 min. Three hundred sixty microliters of supernatant was added to 40 l of 10ϫ SDS-PAGE sample buffer, and 10 l was electrophoresed on an SDS-12% PAGE gel. Gels were stained with Coomassie blue to check for even protein loading, and then these gels were analyzed by phosphorescence imaging (Molecular Dynamics, Inc.). The quantitation of phosphorescence intensities was analyzed with ImageQuant software. The rate of viral protein synthesis was determined from experiments by quantitation of the radioactivity in the viral L, G, N/P, and M bands in each lane. The rate of host protein synthesis was determined by quantitation of the radioactivity between the L and G bands, the N/P and M bands, and below the M band. Experiments were performed in triplicate, and average values along with standard deviation values are reported for each condition.
Phase-contrast and fluorescence microscopy. Phase-contrast images were taken by using an Olympus IX70 microscope, an RT color charge-coupled device camera (Diagnostic Instruments), and the SPOT analysis image acquisition software. Epifluorescence images were taken by using a Nikon Eclipse TE300 with Plan Fluor objectives, a Retiga EX imaging camera, and the Q-capture software package (Quantitative Imaging Corp.). Images were taken with different filter sets and were recombined in Adobe Photoshop to create overlay images.
Tumor growth and staining. For intratumoral injections, nude mice were flank injected with 2 ϫ 10 6 C6 glioblastoma cells in 100 l of phosphate-buffered saline. When tumors were between 500 and 1,000 mm 3 , they were injected intratumorally with 10 7 PFU of VSV. Animals were kept in a sterile barrier facility for 23 h and then injected intraperitoneally with 300 l of EF-5 dye. One hour after EF-5 injection, mice were euthanized (CO 2 ) and the tumor was dissected from the flank and frozen. For intravenous injections, nude mice were flank injected with 2 ϫ 10 6 mouse embryonic fibroblasts (MEFs) transformed with the oncogenic Ras gene (27) . When tumors were between 400 and 500 mm 3 , mice were tail vein injected with 5 ϫ 10 7 PFU of VSV. The animals were kept in a sterile barrier facility for 36 h, then injected intraperitoneally with 300 l of EF-5 dye, and treated as described for intratumoral injections. In all cases, tumors were then embedded in tissue freezing medium and sectioned at 7 m in a cryotome. Sections were fixed in cold 95% ethyl alcohol. Following rehydration, cells were further fixed in 100% methanol for 5 min and blocked in 3% bovine serum albumin. EF-5 was detected with anti-EF-5 (University of Pennsylvania), and VSV replication was detected with an antibody against VSV-G followed by secondary anti-rabbit antibody conjugated to FITC.
Northern blotting. Blotting was performed as described earlier (12) . Briefly, infected or mock-infected cells were lysed in 60-mm-diameter dishes by using the total RNA isolation kit (Promega), and RNA was purified as per the manufacturer's instructions. Five micrograms of total RNA from each sample was glyoxylated and separated on a 1% agarose gel. Following acridine orange staining, to check for loading, RNA was transferred onto nitrocellulose (Genescreen Plus; NEN) and probed with an M gene cDNA probe. The results were determined by phosphorescence imaging and analyzed with ImageQuant software.
RESULTS
It is well established that hypoxic stress causes an inhibition of cellular RNA and protein synthesis. Recent evidence suggests that this is due to the activation of cellular control mechanisms and not the depletion of biosynthetic precursors (22) . We tested whether these cellular inhibition mechanisms would impair the cytoplasmically replicating oncolytic virus VSV. To determine whether VSV could productively infect hypoxic cancer cells, we used HeLa cells as a model. HeLa cells are derived from cervical carcinoma, a neoplasm known to develop areas of severe hypoxia (23) . Consistent with this, HeLa cells can survive for relatively long periods of time (Ͼ48 h) under extremely hypoxic-anoxic conditions. Cells were infected under single-cycle growth conditions (an MOI of 10 PFU/cell) in a We first determined by immunoblotting whether viral protein accumulated during infection of hypoxic cells. As shown in Fig. 1 , VSV matrix (M) protein was present in control normoxic infected cell lysates at both 8 and 12 hpi and was also present in hypoxic and hypoxia-adapted cells infected with VSV. Levels of M protein appeared to be similar in normoxic and hypoxic infected cells, but there was a lower level of protein accumulation in cells under hypoxia-adapted conditions at both time points. These lysates were also probed for the accumulation of HIF1␣ as a control for the induction of a cellular response to hypoxia. HIF1␣ was not present in normoxic cells but was significantly induced in the hypoxic, mock-infected cells, demonstrating that a hypoxic stress response was induced under our hypoxic conditions. Hypoxic and hypoxia-adapted cells that were infected with VSV showed some accumulation of HIF1␣, but this induction was noticeably lower than that seen in mock-infected cells. This was likely due to viral suppression of host gene expression (1) . Actin levels were also measured as a control for sample loading.
Hypoxia does not inhibit viral mRNA accumulation. The results shown in Fig. 1 demonstrate that VSV produced viral protein in a hypoxic environment, but in the hypoxia-adapted cells, there was less protein accumulation. This suggested that VSV was sensitive to the adaptation to hypoxia but raised the question of whether the inhibitory effect was at the level of mRNA production or the level of protein synthesis. Analysis of the accumulation of mRNA for the VSV M protein by Northern blots showed that, in normoxic cells, M mRNA had accumulated by 8 hpi, but by 12 hpi, this level had decreased ( Fig.  2A) . This pattern was also observed in cells that were infected with VSV immediately after being placed in the hypoxia chamber (Fig. 2, hypoxia lanes) , showing that viral mRNA accumulation was unaffected by the switch to an anoxic environment coincident with infection. In the hypoxia-adapted cells there was a different pattern of viral mRNA expression. At 8 hpi, there was an increased accumulation of M mRNA in the hypoxia-adapted cells compared to the normoxic control, and the characteristic decrease in mRNA that was seen by 12 hpi in normoxic cells was not as dramatic ( Fig. 2A) . A quantitative analysis of multiple Northern blots is shown in Fig. 2B , where all values are normalized to the normoxic infection control at 8 hpi. At 8 hpi, there was a 15% increase in M mRNA in the infected hypoxia-adapted cells. At 12 hpi, mRNA levels in normoxic and hypoxic cells were only 30% of the 8-hpi value; in the hypoxia-adapted cells, the levels were twice as high, 60% of the 8-hpi control. These data indicate that VSV RNA synthesis was not markedly inhibited by hypoxia, and mRNA levels were actually increased by hypoxic stress.
VSV protein translation in hypoxic cells. Having established that VSV protein accumulation was decreased and viral mRNA was increased in hypoxia-adapted cells, we investigated whether there were changes in viral translation in cells undergoing hypoxic stress. Mock-infected or VSV-infected normoxic, hypoxic,andhypoxia-adaptedcellswerepulse-labeledwith[
35 S]methionine at 8 or 12 hpi and then analyzed by SDS-PAGE and phosphorimaging (Fig. 3A, left) . The first two lanes show mock-infected normoxic and hypoxic cells. Cellular proteins are apparent as a gray smear in the lane, marked by some prominent bands. Mock-infected hypoxic cells showed an inhibition of protein synthesis at 12 h to approximately 40% of normoxic control levels. This decrease reflects the general inhibition of host protein synthesis seen during a hypoxic stress response (22, 27) . In normoxic cells, VSV infection resulted in the shutoff of host protein synthesis by 8 hpi and the robust protein synthesis of the 5 viral proteins, L, G, N, P, and M, which can be seen as four bands in the infected-cell lanes. Similar results were seen when hypoxic and hypoxia-adapted cells were infected, but the rate of synthesis of viral proteins was diminished in the hypoxia-adapted cells. At 12 hpi, viral protein synthesis was dramatically inhibited in normoxic cells, consistent with earlier reports, but protein synthesis was not as dramatically inhibited in the hypoxic cells and even appeared to increase in hypoxia-adapted cells. Figure 3B shows a quantification of these results. At 8 hpi, viral protein synthesis in hypoxia-adapted cells was 60% of the control. At 12 hpi, viral protein synthesis was only 15% of that at 8 hpi in the normoxic control. In hypoxic cells, viral protein synthesis only decreased to 40% of the control. Similarly, in hypoxia-adapted cells, translation at 12 hpi was not strongly decreased and, in fact, was slightly increased (to 70% of the normoxic control 8-hpi value). Examination of longer time points out to 16 hpi (data not shown) indicated that viral protein synthesis in hypoxia-adapted cells never reached the levels seen at 8 hpi in normoxic cells. Instead, viral protein synthesis in the hypoxia-adapted cells continued for a longer period of time. These results suggest that (i) adaptation to hypoxic stress has the ability to decrease viral protein synthesis at early times and (ii) at late times postinfection, there is less inhibition of viral protein synthesis in hypoxic cells.
These conclusions were supported by comparing the rate of protein synthesis to the amount of mRNA present under the different conditions to determine the extent to which the changes in viral protein synthesis were due to changes in mRNA levels. Figure 3C shows the ratio of the protein synthesis value from Fig. 3B divided by the mRNA level from Fig.  2B and will be referred to as the translation efficiency. Cells infected under normoxic conditions had reduced the translation efficiency of VSV mRNA approximately 50% at 12 hpi compared to 8 hpi. This inhibition was not seen during infection of hypoxic cells, where the translation efficiency remained unchanged. While translation decreased in these cells, this can be accounted for by the decrease in mRNA present (Fig. 2) . In the hypoxia-adapted cells, translation of VSV mRNA was inhibited slightly at 8 hpi, but this inhibition appeared to be relieved by 12 hpi, when the translation efficiency reached a value of approximately 1.2, the same level seen in hypoxic cells that were infected with VSV.
Modification of translation initiation factors during VSV infection of hypoxic cells.
Hypoxic stress induces the phosphorylation of eIF-2␣ through activation of the PERK kinase (27) . Phosphorylation of eIF-2␣ by the double-stranded-RNA-activated kinase protein kinase R is also thought to inhibit translation of VSV mRNAs (4; J. H. Connor and D. S. Lyles, unpublished data). We therefore hypothesized that the eIF-2␣ phosphorylation may account for the inhibition of viral translation at early times postinfection in hypoxia-adapted cells. The phosphorylation state of eIF-2␣ under normoxic and hypoxic conditions was determined by Western blotting with phosphospecific antibodies against eIF-2␣ (Fig. 4A ). There were distinct differences between normoxic and hypoxic infection conditions. Under normoxic conditions, there was very little phosphorylation of eIF-2␣ in mock-infected cells, but virus infection stimulated significant phosphorylation of eIF-2␣ by 8 hpi, which was maintained at 12 hpi. This phosphorylation is likely due to the activation of protein kinase R. Under hypoxic conditions, eIF-2␣ phosphorylation was increased at 2 h in mock-infected cells, the time at which VSV was added. Similar levels of eIF-2␣ phosphorylation were seen at 4 h in mock-infected cells. This is consistent with earlier reports (27) and shows that one difference between VSV infection of normoxic cells and hypoxia-adapted cells is that there is preexisting phosphorylated eIF-2␣ in the hypoxia-adapted cells. This result supports the idea that the lower levels of viral protein synthesis in hypoxia-adapted cells is due in part to preexisting eIF-2␣ phosphorylation.
In hypoxia-adapted cells, both mock-infected and virus-infected cells showed an increase in phosphorylation at 8 hpi but not to the levels seen in VSV-infected normoxic cells. Thus, the reduced translational efficiency of viral mRNA in hypoxiaadapted cells at 8 hpi (Fig. 3C ) cannot be accounted for by a higher level of eIF-2␣ phosphorylation. At 12 hpi, there was an additional increase in eIF-2␣ phosphorylation in the hypoxiaadapted cells that were infected with virus but not in the mock-infected cells that were adapted to hypoxia (Fig. 4A, far  right) . In total, these data suggest that the inhibition of translation by eIF-2␣ phosphorylation may limit VSV translation at early times of infection under hypoxic stress, but eIF-2␣ phosphorylation alone cannot explain the decrease in translational efficiency at 8 hpi and the increase in translation efficiency at 12 hpi in the hypoxia-adapted cells that are infected with VSV.
In addition to eIF-2␣, the other major translation factor that is modified in VSV-infected cells is the mRNA binding eIF-4F complex. It was previously shown that VSV infection results in the dephosphorylation of cap-binding subunit eIF-4E, an event that correlates with the inhibition of host protein synthesis (12) . We probed Western blots of normoxic and hypoxiaadapted cells infected with VSV by using an antibody specific for the phosphorylated form of eIF-4E (Fig. 4B) . As a control for the induction of hypoxia, cell lysates were probed for the accumulation of HIF1␣; actin was used as a loading control (Fig. 4C) . eIF-4E was phosphorylated under mock-infected normoxic conditions and at 2 and 4 h of hypoxia adaptation and in the 8-hpi mock-infected cells that were adapted to hypoxia. There was a slight decrease in eIF-4E phosphorylation in the 12-hpi mock-infected cells that were adapted to hypoxia, consistent with the findings of other groups (B. Wouters, personal communication). In all cases of virus-infected cells, eIF-4E was almost completely dephosphorylated. This was true of cells infected under normoxic conditions and cells infected after adaptation to hypoxia. This showed that the virus-induced changes to the eIF-4F complex were not delayed by the hypoxic stress and suggested that other changes were blocking viral translation during VSV infection of these cells.
VSV causes CPE in hypoxia. The CPE of VSV infection are characterized by cell rounding that is associated with the induction of apoptosis (25) . To determine whether VSV causes CPE in hypoxic cells, HeLa cells were infected under normoxic, hypoxic, or hypoxia-adapted conditions at an MOI of 10 to insure that 100% of the cells were infected. The progress of VSV infection was monitored by phase-contrast microscopy at 8 and 12 hpi to score cells for CPE. Representative examples of these micrographs are shown in Fig. 5 . Under all conditions, mock-infected cells showed no development of CPE. Cells that were infected with VSV under normoxic conditions showed rapid development of CPE, which included approximately 50% of all cells at 8 hpi and nearly 100% of all cells at 12 hpi (Fig.  5, top right) . For cells in hypoxia, the results were very similar: 40 to 50% of infected hypoxic cells showed CPE by 8 hpi and 80 to 90% had rounded by 12 hpi. The hypoxia-adapted cells showed a delay at 8 hpi, but 70 to 80% of cells showed CPE by 12 hpi (Fig. 5, bottom right) . When these cells were monitored for longer time periods, all cells showed CPE by 16 hpi under all conditions (data not shown). These results showed that the induction of CPE by VSV was only slightly reduced by cellular adaptation to hypoxia and that VSV retained its ability to induce CPE seen in a normoxic infection. The ability of VSV to induce CPE in hypoxic cells was observed not only in HeLa cells but also in C6 and U251 cell lines derived from glioblastomas and lung carcinoma-derived A549 cells, cancers known to develop hypoxia (32, 39) (data not shown). These results demonstrate that the ability of the virus to induce CPE under hypoxia spans multiple cancer cell types and was not cell line specific.
To determine whether VSV infection was inducing apoptosis in these cells, we probed lysates of VSV-infected HeLa cells for the presence of cleaved PARP, a protein whose cleavage is a classic hallmark of apoptosis (38) . Results of this Western blot analysis can be seen in Fig. 5B . In lysates of mock-infected cells, there was no cleavage of PARP, nor was there evidence of PARP cleavage in infected cells at 8 hpi. In contrast, at 12 hpi, cleavage of PARP was visible in normoxic, hypoxic, and hypoxia-adapted cells that had been infected with VSV. This demonstrated that VSV induced both CPE and apoptosis in the hypoxic and hypoxia-adapted cells.
VSV produces progeny from hypoxic cells. The experimental results shown in Fig. 1 to 5 demonstrated that the hallmarks of VSV replication were intact in hypoxic and hypoxia-adapted cells and suggested that, in addition to infecting and killing hypoxia-adapted cancer cells, VSV may also be capable of producing functional progeny virus that would infect and kill other hypoxic cells. To address this question, HeLa cells were infected at both a high MOI (10 PFU/cell) and a low MOI (0.01 PFU/cell). At 22 hpi, the production of functional progeny virus was determined by plaque assay. Infection at high MOI results in synchronous infection of nearly all of the cells, so progeny virus reflects the yield from a single cycle of virus growth. Infection at low MOI results in the initial infection of less than 1% of the cells present, so the progeny virus produced reflects the viral yield from multiple cycles of virus growth and infection. The results, shown in Fig. 6A , show that at high MOI, VSV produces equivalent amounts of virus under normoxic, hypoxic, and hypoxia-adapted conditions. At low MOI, VSV still produced high titers of progeny in all cells, though there was a 1 log decrease of virus titer in hypoxia-adapted cells compared to normoxic infected cells. This demonstrated that in a single cycle of infection, the initial inhibition of viral protein production in hypoxia-adapted cells did not inhibit the effective yield of virus (Fig. 6A) . At low MOI, the virus was slightly hindered in its ability to produce progeny virus in hypoxia-adapted cells, suggesting the delay of virus production in the initially infected cells slightly delayed viral progeny production.
VSV was able to spread through the entire population of cells under all conditions as shown by analysis of CPE in Fig.  6B . As a control, normoxic cells infected with VSV at a low MOI (0.01) showed extensive CPE (Fig. 6B, top) at 22 hpi. When hypoxic and hypoxia-adapted cells were infected at an MOI of 0.01, a similar result was seen (Fig. 6B, bottom) .
VSV replication in hypoxic areas of tumor xenografts. We next investigated whether the ability of VSV to replicate in hypoxia in culture extended to invasion of hypoxic areas of an established tumor. We utilized two different types of tumors for these experiments. Tumors formed by C6 glioblastoma cells were treated intratumorally via a single injection of 1 ϫ 10 7 PFU or tumors formed by Ras-transformed MEFs were treated by injection of 5 ϫ 10 7 PFU of VSV in the tail vein to address whether the virus can spread to hypoxic areas of the tumor from the vasculature. Following treatment with the virus, the tumor-bearing mice were injected with EF-5 to label hypoxic areas of tissue, and 1 hour later, the tumor was excised, frozen, and sectioned. Areas of EF-5 accumulation in live hypoxic cells were labeled by using an anti-EF-5 antibody conjugated to the fluorochrome Cy3. Areas of VSV replication were detected by using a primary antibody against VSV-G and a secondary antibody conjugated to FITC. VSV replication was seen in many different areas of the tumor sections, demonstrating that the virus effectively replicated in these tumors ( Fig. 7A and D) . In general, three separate patterns of viral replication were seen: areas where VSV replication and hypoxic tumor regions did not overlap, areas where some overlap occurred, and areas where more extensive overlap occurred. Immunolabeling of VSV-G was specifically detected in the cytoplasmic space of these cells. This is consistent with G protein localization in cytoplasmic organelles such as the endoplasmic reticulum, Golgi, and trans-Golgi network as well as the cell surface. The tumors also showed many areas of strong EF-5 labeling, indicating hypoxic areas ( Fig. 7B and E) . Figure  7A and B show an example of VSV-G staining and EF-5 staining in the same field. The merged image shown in Fig. 7C is typical of the interaction of VSV and hypoxic tissue. A majority of viral replication is seen in tissue that does not appear hypoxic, suggesting that the virus began replication in a well-oxygenated area. There is, however, a distinct population of cells that are both hypoxic and supporting VSV replication. An example of the latter is enlarged in Fig. 7G . Cells that VOL. 78, 2004 ONCOLYTIC VIRUS REPLICATION IN HYPOXIC TUMOR CELLS 8965 demonstrate overlap show a green-yellow cytoplasmic fluorescence and red nuclei, indicative of both viral replication and EF-5 labeling. These experiments established that VSV was capable of entering hypoxic areas of a tumor in vivo. Similar results were obtained with tumors formed by Rastransformed MEFs. These tumors showed evidence of viral replication (Fig. 7D ) and significant areas of hypoxia (Fig. 7E) . As can be seen from the combined image (Fig. 7F) , VSV was indeed capable of migrating from hypoxic areas of the tumor following intravenous inoculation. Figure 7H shows an enlargement of one of the areas where viral replication and hypoxia overlapped, again showing the characteristic green cytoplasmic staining of VSV-G and red nuclear accumulation of EF-5. These results demonstrate that, in two different tumor models that develop spontaneous hypoxic areas, VSV is capable of entering, replicating in, and traversing hypoxic areas of a tumor.
DISCUSSION
VSV has been shown to replicate preferentially in tumor cells (36) . This is due to the fact that many cancer cells have defects in host antiviral response pathways, mainly the interferon pathway, which makes these cells unable to effectively combat and suppress viral replication. Normal cells, however, benefit from their intact interferon pathway and are able to suppress viral infection. This inherent difference between cancer and normal cells sets up a window of opportunity to exploit the differences in the antiviral responses of cancer tissues by utilizing viruses such as VSV, a virus that can productively infect interferon nonresponsive cells and cause apoptosis. Several groups have demonstrated potential advantages of using VSV as an anticancer vector, highlighting not only its ability to kill cells that are interferon nonresponsive (5, 36) but also its ability to kill cells that lack important tumor suppressors such as p53 or that are transformed by oncogenes such as Ras and Myc (6) . Other studies have demonstrated that VSV is capable of causing CPE in cells that lack the executioner caspase, caspase 3 (21) . Studies with syngeneic cancer models have extended these findings, demonstrating effective tumor lysis in a system with an intact immune system (14) . In addition, recent work from our lab has shown that VSV can shrink existing human prostate tumors in a xenograft model (M. Ahmed and D. S. Lyles, unpublished data). All of these studies have demonstrated the potential value of VSV as an antitumor agent.
Here we have shown an additional advantage of the oncolytic virus VSV, namely its ability to replicate in a hypoxic tumor microenvironment. It is important that this replication is not a result of targeting the virus to hypoxia, and as such, this behavior is different from earlier efforts to target hypoxic areas of tumors. These previous studies have endeavored to overcome the general inhibition of cellular RNA and protein synthesis by utilizing specific elements of the cellular adaptation to hypoxia. Many have utilized DNA response elements that are activated by the hypoxia response factor HIF1␣, which controls the increased transcription of a number of genes important for the hypoxic response (9, 19, 26, 30) . This approach has shown some effectiveness and is clearly an important avenue to investigate. Our finding that VSV can express mRNA and translate proteins in hypoxic tissue shows that viral expression mechanisms can function effectively in this microenvironment and that VSV can replicate in hypoxic cells without specific targeting mechanisms.
The ability of VSV to replicate in vitro and in vivo under hypoxic stress is likely due to two factors: the ability of the VSV RNA polymerase to make large amounts of viral mRNA and the ability of VSV-infected cells to translate the viral mRNA produced under hypoxic conditions. The production of large amounts of viral RNA in hypoxia-adapted cells shows that the viral RNA-dependent RNA polymerase is not sensitive to the inhibition of cellular RNA synthesis that is associated with cellular hypoxia (Fig. 2) . In fact, in cells that were adapted to hypoxia, virus infection resulted in higher mRNA levels than in normoxic cells. Using VSV to express genes toxic to cancer cells, such as the herpes thymidine kinase or other suicide genes (15) , may be facilitated in hypoxic tissue by this natural overproduction of mRNA in cells adapted to hypoxia.
Though VSV mRNA synthesis does not appear to be affected by the cellular response to stress, there was a clear inhibition of viral mRNA translation in hypoxia-adapted cells (Fig. 3) . Though the virus appeared to overcome the cellular inhibition of protein synthesis, it never appeared to reach the level seen in a normoxic infection. Infection of all cells, however, resulted in the dephosphorylation of eIF-4E and the almost complete inhibition of host protein synthesis. This inhibition of host translation may be an additional advantage of using the virus to attack hypoxic cells, as it can block the cell's ability to produce proteins important for maintaining the adaptation to hypoxia.
The altered timing of both viral mRNA accumulation and translation in hypoxia-adapted cells demonstrates the inherent capacity of VSV to adapt to this cellular stress. The ability to overproduce mRNA and to overcome the initial inhibition of translation (Fig. 3) may be a response to the presence of eIF-2␣ phosphorylation (Fig. 4A) acting as an inhibitor of viral translation in hypoxia-adapted cells. It is not immediately apparent why there is less eIF-2␣ phosphorylation at 12 hpi in the hypoxia-adapted cells infected with VSV versus the normoxic infected cells. It is possible, however, that the hypoxia-adapted cells have begun to express GADD-34, a protein that increases eIF-2␣ phosphatase activity. GADD-34 is induced by hypoxic stress (C. Koumenis, unpublished data), and thus, in the hypoxia-adapted cells, this protein may act to reduce the level of eIF-2␣ phosphorylation during the subsequent VSV infection.
The mechanism VSV utilizes to overcome the initial inhibition of viral translation in cells undergoing hypoxic stress does not appear to be solely related to eIF-2␣ phosphorylation. eIF-2␣ phosphorylation persists throughout VSV infection, yet VSV messages are more efficiently translated at later times of infection. Recent reports have suggested that translation inhibition by eIF-2␣ in transformed cells is defective (4, 29) . It is possible that VSV translation is inhibited by other effects of hypoxia on translation initiation or even elongation, but this will require further study.
The ability of VSV to replicate and cause CPE and apoptosis in hypoxia (Fig. 5) is important for VSV's potential as an oncolytic agent. To successfully treat any tumor, a therapeutic agent would ideally display the ability to overcome different microenvironments found in a tumor mass. Our studies show that in vitro, even when only 1% of cells are initially infected in an anoxic environment, VSV spreads through and causes CPE of the entire population, highlighting the virus's ability to adapt and replicate under this severe oxygen depletion. Further, our results from the implanted tumors showed that VSV not only replicated in regions of tumor hypoxia it was also able to spread to those regions following blood-borne delivery and was able to propagate through these regions. VSV's ability to arrive at a treatment site by a vascular avenue and its ability to infect and spread to and through regions of low-oxygen tension is critical. This behavior should allow VSV to infect and kill cells within an otherwise unfavorable tumor environment.
VSV's ability to replicate in hypoxia raises several additional questions. One is whether this property is unique to VSV or whether other oncolytic viruses such as adenovirus, Newcastle disease virus, or reovirus share the same ability to replicate under low-oxygen conditions. Based on work with simian virus 40 showing that hypoxia blocks viral DNA replication (33, 34) , we believe that DNA viruses will face additional challenges to successful replication in hypoxia because of the inhibition of DNA synthesis. In contrast, RNA viruses like VSV, Newcastle disease virus, and reovirus may, as a class, be capable of surmounting the cellular adaptation to hypoxia to infect and kill cells. In addition, there may also be the possibility of controlling VSV or a related virus through specific RNA elements so that its replication is specifically restricted to hypoxic conditions.
